In almost all vertebrates, the downstream of the sox9 signaling axis is well conserved for testis differentiation. The upstream genes of this pathway vary from species to species during evolution. Yet, little is known about how these signaling cascades are regulated and what cellular processes are dominant in ovary-testis transformation in juvenile zebrafish. In this study, we find that the transforming gonads undergo activation of sox9a-expressing stromal cells with increased deposition of extracellular matrix and formation of degenerative compartments. This leads to follicle disassembly, oocyte degeneration, follicle cell-cyp19a1a-amh conversions, and, eventually, formation of the testis cord. In vitro primary culture of juvenile ovary tissue in gonadotropins increases cytoplasmic accumulation of sox9a and p-Erk1/2, and induces mesenchymal morphology. MAPK inhibitors (MKI), a mixture of PD98059 and U0216, eliminate the cytoplasmic distribution but do not eradicate nuclear localization of sox9a and p-Erk1/2. Nuclear p53 are relatively increased in MKI-treated cells that exhibit less spreading and reduced proliferation. Despite uniform nuclear condensation, only a fraction of cells displayed the apoptotic phenotype. These results suggest that high levels of cytoplasmic sox9a and p-Erk1/2 activity activate stromal cells and enhance the production of extracellular matrix required for testis cord formation, whereas deregulation and translocation of sox9a and p-Erk1/2 induce follicle disassembly and incomplete apoptosis associated with nuclear p53. Together with the established FSH/cAMP/MAPK/ AMH pathway in mammalian granulosa and Sertoli cells, we demonstrated that the sox9 axis signaling that determines testis formation in mammals also induces zebrafish ovary-testis transition, and adds to its conserved role in sex reversal.
In almost all vertebrates, the downstream of the sox9 signaling axis is well conserved for testis differentiation. The upstream genes of this pathway vary from species to species during evolution. Yet, little is known about how these signaling cascades are regulated and what cellular processes are dominant in ovary-testis transformation in juvenile zebrafish. In this study, we find that the transforming gonads undergo activation of sox9a-expressing stromal cells with increased deposition of extracellular matrix and formation of degenerative compartments. This leads to follicle disassembly, oocyte degeneration, follicle cell-cyp19a1a-amh conversions, and, eventually, formation of the testis cord. In vitro primary culture of juvenile ovary tissue in gonadotropins increases cytoplasmic accumulation of sox9a and p-Erk1/2, and induces mesenchymal morphology. MAPK inhibitors (MKI), a mixture of PD98059 and U0216, eliminate the cytoplasmic distribution but do not eradicate nuclear localization of sox9a and p-Erk1/2. Nuclear p53 are relatively increased in MKI-treated cells that exhibit less spreading and reduced proliferation. Despite uniform nuclear condensation, only a fraction of cells displayed the apoptotic phenotype. These results suggest that high levels of cytoplasmic sox9a and p-Erk1/2 activity activate stromal cells and enhance the production of extracellular matrix required for testis cord formation, whereas deregulation and translocation of sox9a and p-Erk1/2 induce follicle disassembly and incomplete apoptosis associated with nuclear p53. Together with the established FSH/cAMP/MAPK/ AMH pathway in mammalian granulosa and Sertoli cells, we demonstrated that the sox9 axis signaling that determines testis formation in mammals also induces zebrafish ovary-testis transition, and adds to its conserved role in sex reversal. In mammals, gonad development can be divided into two phases: formation of the indifferent genital ridge/bipotential gonad and sex differentiation. 1 The indifferent gonads are initially developed from the mesothelial layer of the peritoneum. As embryos grow, some cells of mesonephric origin join the gonad ridge and form the primary sex cord. Thus, the early gonad is an undifferentiated primordium composed of bipotential somatic stem cells that are precursors for supporting cells and steroid-secreting cells. Primordial germ cells (PGCs) arise from the dorsal endoderm of the yolk sac near the allantois, migrate along the hindgut and dorsal mesentery, and eventually join the gonadal ridge. 2 When the PGCs reach the gonadal ridge, the supporting cell precursors become either testis-specific Sertoli cells or ovary-specific follicle (granulosa) cells. Meanwhile, the immigrating mesonephric cells give rise to peritubular myoid (PM) cells (endothelial cells that form the male-specific vasculature) and fetal steroidogenic-Leydig cells (ovarian theca cells). 1, 3 Parallel to somatic precursors, PGCs differentiate into oogonia in ovarian follicles or spermatogonia in Sertoli cells dominant testis cord.
Compared with mammals, fishes exhibit a striking plasticity in the sex determination process, and show a wide range of gonad differentiation mechanisms, such as hermaphroditism and gonochorism. 4 Hermaphrodite fishes can have either functional male and female gonadal tissues simultaneously (synchronous) or sequentially change their sex (sequential) from male to female or from female to male. In differentiated gonochoristic species, an indifferent gonad directly differentiates into a testis or an ovary. Zebrafish are undifferentiated gonochoristic fishes: during the juvenile period, 5 all individuals develop undifferentiated ovary-like gonads containing immature oocytes. 6 Between 20 and 30 days post fertilization (d.p.f.), immature oocytes develop into ovaries in approximately half of the zebrafish population. In the remaining population, the immature oocytes degenerate and the gonads acquire testis morphology. Therefore, the zebrafish is an optimal model with which to investigate cell death and differentiation for sex reversal. Direct evidence for plasticity of germline stem cells comes from spermatogonial stem cell transplantation in zebrafish. Spermatogonial stem cells are able to colonize in the recipient ovaries and differentiate into female germ line cells. 7 Two cellular mechanisms for sex reversal have been proposed: apoptosis and transdifferentiation. The apoptosis mechanism stipulates that a large amount of oocyte apoptosis results in a weakened oocyte-derived signal and reduced aromatase expression. Consequently, in this model, testosterone is not converted to estrogen, spermatogenesis ensues, and the gonad becomes a testis. According to the transdifferentiation mechanism, follicular cells in oocyte-depleted follicles survive, proliferate, and transdifferentiate into Sertoli cells. 8 There is still no direct evidence to link oocyte apoptosis to cell transformation in juvenile zebrafish gonads. Much remains to be learned about the signals activating juvenile oocyte degeneration, and the extent to which the signals involved in ovary apoptosis also contribute to ovary-testis transition.
Results
Time course of gonadogenesis. Gonadal development and sex differentiation were examined histologically. A minimum of six fish were sampled every 5 days, starting at 5 d.p.f. and continuing until 55 d.p.f. Serial sections were prepared to determine the developmental stage of the gonads ( Figure 1 and Supplementary Figure 1) . At 5 d.p.f., we observed PGCs clustered in groups of 3-5 cells (Figure 1a ). Flattened and basophilic somatic cells surrounded the PGC clusters ( Figure 1a) . By 11 d.p.f., the number of germ cells increased, and some PGCs began to differentiate into gonocytes (Gc) that possess rather homogeneous, slightly basophilic karyoplasm, and contain one or more nucleoli in the large nucleus ( Figure 1a ). Almost at the same time, nucleus-condensed cells (Cn), Gc containing a nucleus with condensed chromatin, appeared. The morphological characteristics of Cn were recognized as entry into meiosis. At this stage, the gonads containing both Gc and Cn were categorized as indifferent gonads, because male-and female-specific Gc of fishes are difficult to differentiate solely based on cell morphological characteristics.
Sex differentiation began as early as 17 d.p.f., as indicated by the appearance of perinucleolar oocytes (POs; Figure 1a ). As the gonads grew into juvenile ovaries from 20 to 25 d.p.f., the number and size of POs increased and somatic cells were located mainly at the gonadal periphery. By quantifying the number of both germ and somatic cells in the gonads, we found that the ratio of meiotic Gc and POs to total gonadal cells was significantly different, such that individual fishes could be divided into two sex populations. At 20 d.p.f., the majority of the cells in the 'presumptive ovary' group were meiotic germ cells that became condensed POs at 40 d.p.f. (Figure 1b and Supplementary Figure 1g) . The early gonads showed normal (i.e., nontransforming) ovaries and progressed into maturation ( Supplementary Figure 1j and 1) . Asynchronous cell growth and delayed germ cell differentiation Although the time course of gonadal development ( Figure 2 ) was generally consistent with previous descriptions, 6 our histological analysis revealed biased sex differentiation toward either the presumptive testis or ovary at the very beginning of juvenile gonadal development.
Cellular conversions from ovarian follicles to testis cords. In contrast to the nontransforming gonads, in which POs progress through meiosis and maturation, the transforming gonads showed activation of somatic stem cells (Figure 1c ). The activated stromal cells and increased extracellular matrix (ECM) infiltrated the ovarian cavity and encapsulated the meiotic Gc (Figure 1c ), accompanied by the development of spermatogonia cysts (Sc) and the degeneration of oocytes. Oocyte degeneration was evidenced by the appearance of red staining acidic body (presumably apoptotic body) and vacuolated oocytes ( Figure 1c ). The degenerating oocytes were surrounded by the increased gonadal matrix and mesenchymalized stromal cells and formed a degenerative structure, termed degenerative compartment hereafter (Figure 3a) .
Within the degenerative compartments, several cellular changes were observed. First, the follicle cells lost their tight junctions with adjacent cells and detached from the encapsulated oocyte, implying a preparation for eccentric migration and epithelial-mesenchymal transition (EMT) (Figures 3c and d ). This extrapolation was based on the fact that granulosa cells are epithelial cells, and morphologically distinct from the stromal cells of mesenchymal origin. 8 Second, the dissociated oocytes displayed apoptotic morphology with condensation of chromatin and a marked vacuolation. However, nuclear fragmentation and apoptotic bodies were not frequently observed (Figures 3a-e ). There were no signs of phagocytosis from neighboring somatic cells, although a few lysosome-like structures with red coloration were seen (Figures 3b and e) . Third, many cells retained intact morphology although the disassembled follicles exhibited various degrees of degeneration and decomposition ( Figures  3a and c) . In the vicinity of the degenerating oocytes, there were proliferating stromal cells, Sc, and a multinucleated giant cell (Mn), displaying gross morphological characteristics of Tc (Figures 3d and e). As degenerating oocytes and newly regenerating testis tissues coexisted in the transforming gonads, it was unclear whether the testis tissues were transformed from the degenerative follicles or regenerated from the reserved stem cells.
Molecular characterization of cellular changes throughout gonadal transition. To characterize the cellular phenotypes within the transforming gonads, we used sox9a, amh, and cyp19a1a to identify Sertoli and granulosa cells, and vasa to mark live germ stem cells. Relative to high expression of vasa in the nontransforming gonads (Figure 4a ), the expression of vasa in the transforming gonads displayed weak and circular dot patterns in POs (Figure 4c ). As previously reported in the vasa::egfp transgenic line, 9 transforming gonads showed increased expression of sox9a and amh and decreased expression of cyp19a1a and vasa, compared with the nontransforming gonads (Figures 4a-d) . To further understand the relationship between amh-expressing cells and cyp19a1a-expressing cells within the transforming gonads, we compared the expression of cyp19a1a and It was frequently observed that both markers were coexpressed in the same ovarian follicle. Although cyp19a1a expression was downregulated, amh expression became increased (Figures 4e and f) . Thus, ovary-testis transition was evidenced by switching cyp19a1a-expressing cells to amh-expressing cells.
Cell transdifferentiation during follicle ovarian-testis transition. As other studies of cellular plasticity have suggested, the ability of follicular cells to switch to their testis counterparts may reflect the similar embryonic origin of these two cell types. 8 There is evidence that pre-Sertoli cells, Sertoli cells, and granulosa cells share a common precursor in mice. [10] [11] To test this possibility in zebrafish, we selected 19 genes associated with sex-differentiation and examined their expression pattern during gonad development (Supplementary Tables 1-3 ). In comparison, the transcript levels of amh and dzip1 were relatively higher in the testis, whereas the expressions of pou5f1, nanos3, dazap2, na5a2, nr5a1b, and cyp19a1a were predominant in the ovary.
We then analyzed the location of RNA expression in testis and ovary. In contrast to amh and cyp19a1a for which sexually dimorphic expression patterns are confined to somatic cells (Supplementary Figure 3a) , Figure 3c) . Based on their expression bias in both testis and ovary, and known stem cell-association properties, 12 we consider dzip1 and nona3 to be the common markers of germ cells and supporting cells that preferentially develop into testis and ovary.
We then extended our analysis retrospectively to determine whether these genes are expressed in earlier developing embryos. As expected, vasa-expressing cells migrated and resided in the presumptive gonads. Pou5f1, nanos3, and dzip1 were highly expressed in developing tissues (Supplementary Figure 3d) . In the juvenile transforming gonads, dzip1 was strongly expressed in the Sc and the surrounding supporting cells (Figure 4g ), even in the degenerative compartment (Dc) (Figure 4h ). Nanos3 expression was detected in the degenerated oocyte (data not shown). The upregulation of dzip1, a stem cell-associated marker, in the supporting cells of the degenerating follicles implies that the follicle cell transition from cyp19a1a to amh may go through the transdifferentiation process.
Sox9 expression precedes oocyte apoptosis and degeneration. We defined 'stromal cell activation' as the combinatory effect of cell proliferation (such as increase in the number of stromal cells), and migration with mesenchymal morphology. Having determined that stromal cell activation was the first step in initiating ovary-testis transformation, we then compared the activation of stromal cells with the expression of sox9a. In the transforming gonads, sox9a-expressing cells were no longer restricted to the gonadal periphery, but infiltrated into the interior gonadal stroma and surrounded the oocytes. Unlike the dot expression pattern of vasa, amh, and cyp19a1a, sox9a-expression showed increased cytoplasmic distribution with mesenchymal morphology (Figure 4d ). As the sox9-expressing cells and the active stromal cells showed similar mesenchymal morphology and topographic distribution in the transforming gonads (Figure 3c vs 4d) , we conclude that sox9a-expressing stromal cells or pre-Sertoli cells were first activated to trigger ovary-testis transformation.
To determine whether and to what degree the degenerating follicles undergo apoptosis, we examined and quantified the degeneration of gonadal cells from 20 to 35 d.p.f. using the terminal dUTP nick end-labeling (TUNEL) method Figure 4 Comparative analysis of the expression pattern of multiple sex determinant genes between transforming and nontransforming gonads at 35 d.p.f. In the nontransforming gonads, vasa (a) was highly expressed whereas sox9a (b) expression was restricted in the two sides of the gonadal somatic cells. The transforming gonads revealed distinct expression patterns for vasa (c), sox9a (d), amh (e), cyp19a1a (f), and dzip1 (g and h). amh, cyp19a, and sox9a were expressed in somatic cells (supporting cells) located in the gonadal matrix and surrounding the oocytes. dzip1 was highly expressed in both spermatogonia and supporting cells. (e and f) Two adjacent sections with low levels of cyp19a1a and high levels of amh expressed with partial overlap in the same follicles (asterisk). Abnormally expressing aggregates in degenerative compartment (Dc) are indicated by the arrow. TUNEL staining assay showed the larger TUNEL-positive cells were consistent with degenerative oocytes (i). Hoechst staining (j) was used to count total number of gonadal cells. Go, giant oocyte; Mn, multinucleated giant cells; PO, perinucleolar oocyte. Scale bars ¼ 20 mm Figure 2) . TUNEL-positive somatic cells were observed. Although TUNEL-positive cells were more numerous than the morphologically degenerative oocytes, many degenerative follicles were TUNEL negative. We also saw substantial nuclear staining with irregular shapes of vasa expression (Figure 4c ) and amh expression within Dc (Figure 4e ). This abnormal staining shape with a high level of vasa-and amh-RNA expression was in accordance with the histological observations that many cells survived the degeneration. This finding further suggests that many cells are at the pre-apoptotic stage, a transient state of cell morphology for subsequent cell transformation or complete apoptosis. Thereafter, we referred to this as partial apoptosis and referred to partial cellular transformation as incomplete apoptosis. Immunohistochemical analysis revealed that weak expressions of Mek1/2, phosphorylated Mek1/2 (p-Mek1/2), sox9a, and p53 were widely detected. Only a fraction of oocytes and the surrounding follicle cells (presumably transforming follicles) showed an increase of staining intensity (Supplementary Figure 4) . These results suggest a functional link between p53 and MAPK components and sox9a-amh/ cyp19a1a pathways during gonadal transitions from protogenic ovary to early testis.
Sox9 pathways induced mesenchymal morphology changes in primary culture of gonadal tissues. Although histomorphological and histo-in situ hybridization analyses indicated that degeneration and transformation were likely induced by MAPK-sox9a/p53 pathways, it is still unclear how these pathways are regulated during the juvenile ovarytestis transformation. To this end, we used a mammalian growth factor, human chorionic gonadotropin (HCG), to mimic follicle-stimulating hormone (FSH) activity, and cultured the gonad tissues in the modified culture system. Rather than performing in vitro culture of entire gonad, 13 we sliced the gonad tissue into small pieces. On the fourth day, a monolayer of adherent fibroblast-like cells grew from the periphery of the primary explants. We then added activatordcAMP and/or MKI (MAPK (mitogen-activated protein kinase) inhibitor) and continued the culture for 48 h. Gonadotropin and cAMP induced mesenchymal morphology, cell spreading, and proliferation of the cultured primary cells. In contrast, MKI inhibited proliferation and cell spreading, and repressed sox9a and amh transcriptions (Supplementary Figure 5 , data not shown). These results were consistent with the in vivo histological observations that the sox9a axis pathways increase ECM production and mesenchymal morphological transformation of gonadal cells.
We next examined how the sox9a pathways linked oocyte apoptosis to cellular transformation. Without MKI treatment, the cultured cells exhibited mesenchymal morphology with Figure 5 Involvement of MAPK-sox9a and p53 pathways in morphological alterations of cultured gonadal tissue. Ovary tissues were sliced and cultured in vitro. After 2-3 days, MKI or DMSO control were added and tissues were incubated for 48 h. The cultures were costained with Erk1/2 and p-Erk1/2 antibodies (left two columns) or costained with sox9a and p53 antibodies (right two columns). DAPI staining and DOC were seen. Apoptotic or degenerating cells (arrow) and related signal staining (dotted circle) are shown. Scale bars ¼ 20 mm Sox9 axis controls sex determination D Sun et al abundant extracellular matrix. Sox9a and phosphorylated Erk1/2 (p-Erk1/2) were highly expressed in the cytoplasm. Similar phenotypes were observed in sox9-activated stromal cells of the transforming gonads (Figures 3a and 4d) . After MKI treatment, levels of sox9a and p-Erk1/2 were dramatically decreased in the cytoplasm, whereas nuclear sox9a and p-Erk1/2 showed little reduction. In contrast, levels of p53 increased in the nuclei, and cell number decreased. Deregulation and translocation of Erk1/2, p-Erk1/2, sox9a, and p53 were indicated by changes of signal intensity (mean values) and size measurement (pixel values) of immunostaining images ( Figure 5 and Table 1 ). The MKI-treated cells became uniformly round with nuclear condensation, and partially apoptotic with fragmented nuclei (Figure 5 ). These results suggest that cytoplasmic p-Erk1/2 and sox9a activate stromal cells and promote ECM production, whereas reduced p-Erk1/ 2 activity deregulate expression and translocation of sox9a and p53, and induce partial apoptosis and cellular transformation ( Figure 6 ).
Discussion
In juvenile zebrafish, the gonadal transition from ovary-like tissue to testis is reminiscent of the sex-specific timing of meiosis entry in mammals. Female PGCs (oogonia) first enter meiosis at birth and undergo oogenesis during juvenile development. In contrast, male PGCs (spermatogonia) do not enter meiosis and spermatogenesis until puberty. It has been proposed that germ stem cells are driven to enter meiosis by an intrinsic clock. Signals produced by the malespecific somatic cells inhibit Gc from entering meiosis, arresting Gc in G1/G0 and directing them toward spermatogenesis. Like many other species, zebrafish do not have obvious sexually dimorphic chromosomes; instead, multiple sex determination loci [14] [15] [16] have been identified to be responsible for sex-associated effects. This study presents compelling evidence that sox9a axis pathways orchestrate the supporting cell-dominated transition from ovary to testis.
In the testes, sox9a is an upstream positive regulator of amh that, in turn, is an upstream negative regulator of cyp19a1a. 17 In the ovary, AMH inhibits primordial follicle assembly. 13 Although the regulatory interactions of sox9a-amh/cyp19a1a have been extensively investigated, it is unclear whether and how this pathway is regulated to implement the juvenile ovary-testis transformation in zebrafish. The present study showed that upregulation of sox9a activated stromal cells, increased extracellular matrix production, proceeded follicle cell-cyp19a1a-amh conversions, and induced ovarian follicle degeneration and testis cord generation. This somatic cell-dominated sex differentiation model expands the previous hypothesis that ovarian fate is passively determined by a threshold number of developing oocytes;
18 that is, a number of oocytes exceeding the threshold activate the female pathway, whereas a number of oocytes under the threshold induce the male pathway. 18 The loss of female germ cells, by either injecting dnd antisense morpholino or mutating sox9b, 19 induces female-to-male sex reversal. Loss of germ cells is not an adequate mechanism to explain zebrafish juvenile ovary-testis transition, however. We demonstrated that this transition is regulated by FSH/ cAMP/MAPK-sox9 pathway.
In humans and mice, FSH induces upregulation of AMH expression in Sertoli cells and granulosa cells via its second messenger cAMP. [20] [21] FSH induces an adenylyl cyclasedependent increase in cAMP levels that activate several kinases in the PKA, PI3K/PKB, p38 MAPK, and MEK1/2-ERK1/2 pathways. 9, 13, 20 Here, we propose a novel mechanism to explain how the degenerative oocytes undergo incomplete apoptosis and transform into testis cords during juvenile ovary-testis transition ( Figure 6 ). According to this model, juvenile FSH upregulates sox9a expression and distribution in presumptive testis stromal cells via Mek1/2-Erk1/2 pathways. Cytoplasmic sox9a activates stromal cells Figure 6 A proposed model that FSH-MAPK-sox9a/p53 signaling pathways regulate juvenile ovary-testis transition in zebrafish. In the stromal cells of the presumptive testis group, juvenile FSH upregulates sox9a expression and cytoplasmic distribution through phosphorylation of Mek1/2-Erk1/2 signaling. Activated stromal cells and increased ECM form gonad matrix that grows as testis cord-like spermatogenic cysts or becomes degenerative compartments that surround the ovarian follicles. Within the degenerative compartments, p-Erk1/2 and sox9a are reduced, particularly in cytoplasm whereas sox9a and p53 in nucleus are relatively increased. Misexpression and translocation of sox9a deregulates the expression of amh/cyp19a1a and induces the follicle disassembly. Meanwhile, nuclear p53 promotes degeneration of the disassociated follicle cells, leading to incomplete apoptosis. Finally, these incompletely apoptotic cells are either transformed to testis cord or die. It is uncertain how p53 is regulated by sox9a and p-Erk1/2 are interplayed in the transforming gonads Sox9 axis controls sex determination D Sun et al to form degenerative compartments that surround the ovarian follicles. Because of a blocked blood supply, or other unknown factors within the degenerative compartments, Erk1/2 activity and cytoplasmic sox9a are dramatically reduced with relative increases of nuclear sox9a and p53. Deregulated expression of sox9a and p53 coordinately induce follicle disassembly, apoptotic processes, and cellular transformations. Germ cell development is unique in that the cells progress through meiosis and break double-strand DNA for homologous recombination. Therefore, maintenance of genome stability in germ cells is required for normal gonad development. 18, 22 Tp53 (p53) has been reported to mediate germ cell apoptosis and regulate oocyte survival through meiosis. 18, 22 On this basis, we theorized that preapoptotic cells might undergo DNA repair through meiotic homologous recombination or mitotic recombination. The recombination provides an opportunity for cells to undergo either transformation or apoptosis. As meiosis is a 'one-way' process for germ cell division and cannot engage in a cell cycle as mitosis does, oocyte degeneration and programmed cell death are regarded as their final fate.
In summary, gene expression analyses in zebrafish have already revealed the conservation of structure, function, and expression of a large number of mammalian genes at the downstream of the sex determination pathway, including cyp19a1a, sox9a, and amh. 9, 13, 20 Our results support the idea that sox9 is a fundamental testis-differentiating gene common to all vertebrates. [23] [24] We demonstrated that sox9a expression pattern closely correlates with the behavior of the stromal cells in gonadal tissue of juvenile zebrafish. High level of cytoplasmic sox9a expression promotes cellular proliferation, mesenchymal transformation, and ECM deposition, whereas misexpression of sox9a induces p53-associated follicle degeneration and cell transformation. Obviously, the expression and nuclear translocation of sox9a and p53 are regulated by Mek1/2-Erk1/2 MAPK signaling. The exact regulatory mechanisms in MAPK-sox9/p53 pathway remain for further investigations. Therefore, the manipulation of sex determination might be possible via indirectly disrupting upstream regulatory pathways of Sox9a. Histological analysis and TUNEL staining. Fish were anesthetized in 0.1% tricaine (3-aminobenzoic acid ethyl-ester methanesulphonate salt; Sigma, Poole, UK) in filtered system water. Gonads were fixed with 4% paraformaldehyde, sectioned, and stained with hematoxylin and eosin (HE). 25 For TUNEL staining, paraffin-embedded sections were created following the manufacturer's protocol and subsequently stained in DAPI (Invitrogen Molecular Probes, Carlsbad, CA, USA) for 5 min, followed by two rinses in phosphate-buffered saline (PBS) for 10 min. After photography, the sections were counterstained with HE, and photographed.
In situ hybridization. Whole-mount in situ hybridization and histological in situ hybridization experiments were conducted as described previously. 25 Complementary DNAs corresponding to the target genes were used to generate riboprobes.
Immunohistochemistry and quantitative analysis. Immunohistochemistry was performed as described previously. 26 Antibodies used for the study include sox9a antibody (ab82578), anti-Erk1 þ Erk2 antibody (ab54230), phosphorylated Erk1 þ Erk2 (Phospho T202 þ Y204) antibody (ab76165), and p53 antibody (ab77813). Fluorochrome-conjugated secondary antibodies, goat anti-rabbit IG-FITC (ab6717), goat anti-mouse IgG-TR (ab6787), Dylight 594 rabbit anti-goat IgG (RAG5942), Dylight488 goat anti-mouse IgG (GAM4882), Dylight549, and goat anti-rabbit (GAR5492), were purchased from Abcam (Hong Kong) Ltd (Hong Kong) or Beijing CoWin Biotech Co., Ltd (Beijing, China). The sections were counterstained with Hoechst 33258 (Sigma) and then mounted with prolong antifade reagent (Invitrogen P7481).
To localize and quantify gene expression, color intensity of the immunostaining signals were quantified by using Adobe Photoshop 7.0 (Adobe Systems Inc., San Jose, CA, USA). The image was first converted as grayscale mode. The lasso tool palette was then used to draw a line around the edges of the cell. After opening the image-histogram window, the values for the selection were recorded as mean, S.D., median and pixels. The same procedure was repeated to collect background intensity. After subtracting the background signals, the remaining signal values represented the immunostaining intensity for the specific antibody in the selected cell. For each image, we collected histogram information from five cells and input the values in Excel spreadsheet. To perform comparison and data analyses we selected two parameters: the mean to represent the average gray value for the area inside the selection, and the pixel values to measure the image size.
RNA isolation and quantitative real-time PCR (RT-PCR). Total RNA was isolated using Trizol reagent (Invitrogen) and reverse transcribed to cDNA with Transcript II two-step RT-PCR supermix (Transgen Biotech, Beijing, China) in the presence of oligo (dT) 20 primer. Quantitative RT-PCR was carried out using 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) and data analyses were performed as previously described. 25, 27 Oligonucleotide primers (listed in Supplementary Table 2) were synthesized by Shanghai Sangon Biological Engineering Technology and Service Co. Ltd (Shanghai, China).
Gonadal tissue culture. Basic gonadal tissue culture medium (GTCM) was based on the zebrafish testis and ovary growth medium in the previous reports. 23 L-15 (Leibovitz's L-15 medium, Gibco, Life Technologies, Carlsbad, CA, USA) was supplemented with 2 mM L-glutamine (Gibco), 50 U/ml penicillin and 50 mg/ml streptomycin (Gibco), 100 mg/ml kanamycin sulfate (Gibco), and 20% AmnioPAN complete medium (PAN Biotech GmbH, Aidenbach, Germany) with and without 10 IU/ml HCG (Sigma). After anesthesia with 0.1% tricaine, testes or ovary were removed from 2-3-month-old adult fish and sliced into 1.5 mm sections.
